Study Objectives: To determine whether the pontine intertrigeminal region (ITR), with recently described anatomic connections and an effect on vagally induced reflex apnea, has an impact on spontaneous sleep apneas in rats. Design: Respiration, electroencephalogram (EEG), and electromyogram (EMG) were recorded in rats with lesions of the pontine ITR and in control animals. Participants: 9 adult male Sprague-Dawley rats. Interventions: Rats were implanted with EEG and EMG electrodes and were polygraphically recorded for 6 hours, and their respiration was monitored by placing each animal inside a single-chamber plethysmograph. Subsequently, a respiratory-related intertrigeminal site was identified by probing on dorsoventral tracks with 2 to 5 nL glutamate (10 nL, 10 mmol) injections from a multibarrel glass pipette. This site was then lesioned by injecting ibotenic acid (10 nL, 50 mmol) from a second pipette barrel.
INTRODUCTION
ALTHOUGH SLEEP APNEA SYNDROME AFFECTS AT LEAST 3% TO 5% OF THE ADULT HUMAN POPULATION AND AVAILABLE DATA SUGGEST THAT SIGNIFICANT MORBIDITY AND INCREASED MORTALITY RESULT FROM THIS DISORDER, THE MECHANISMS UNDERLYING THE SLEEP-RELATED APNEA REMAIN POORLY UNDERSTOOD. This lack of knowledge stems in part from a paucity of animal models to study naturally occurring apnea during sleep. In the rat model of central sleep apnea, characterized by us and others, [1] [2] [3] [4] [5] we have established a putative link between pathways of reflex apnea and spontaneous sleep-related apneas. Intravenous administration of serotonin to anesthetized cats or rats produces dose-dependent reflex apnea, 6, 7 whereas, in freely moving rats, intraperitoneal administration of serotonin produced dramatic increases in spontaneous sleep-related apneas. 8 These findings suggest that the central and peripheral pathways of reflex apnea may participate in the genesis of sleep apneas.
Recently, Chamberlin and Saper described neuroanatomic pathways linking the pontine intertrigeminal region (ITR) with the dorsal and ventral respiratory groups of the medulla. 9, 10 A possible respiratory function for this previously uncharacterized group of cells was suggested by the ability of glutamate microinjections in ITR to evoke immediate apnea in anesthetized rats. 9, 10 The authors concluded that the ITR may therefore represent a key integrating site for a wide range of apneic airway-protective reflexes.
We further explored the ITR impact on vagally mediated reflex apnea in anesthetized rats, demonstrating that glutamatergic blockade of the ITR yielded dose-dependent lengthening of reflex apnea evoked by intravenous serotonin injection. 11 We concluded that one physiologic role for the ITR may be to attenuate vagally induced reflex apneas. In view of the above-mentioned studies, we conducted the present experiments to determine whether ibotenic-acid lesioning of the ITR would affect spontaneous sleep apneas in freely moving rats.
METHODS
Nine adult male Sprague-Dawley rats (300 g, Sasco Animal Labs, Madison, WI) were adapted to a 12-hour light (8:00 AM -8:00 PM)/12-hour dark (8:00 PM -8:00 AM) cycle for 1 week, housed in individual cages, and given ad libitum access to food and water. Following adaptation, animals were subjected to a surgical procedure that will be described briefly herein. All procedures and protocols conformed to the Helsinki accords and were approved by the Institutional Animal Care and Utilization Committee of the University of Illinois at Chicago.
Rats were anesthetized by intraperitoneal injection for the implantation of cortical electrodes for electroencephalogram (EEG) recording, and neck muscle electrodes for electromyogram (EMG) recording, using a mixture of ketamine (80 mg per kg) and xylazine (5 mg per kg).
As we have described previously, 1,12 after a 1-week surgical recovery period, each rat was polygraphically recorded for 6 hours. Respiration was recorded by placing the rat, unrestrained, inside a single-chamber plethysmograph (PLYUNIR/U; Buxco Electronics; Sharon, Conn) (dimension: 6 inches wide x 10 inches long x 6 inches high) ventilated with a bias flow of fresh air at a rate of 2 liters per minute.
Subsequently, animals were again anesthetized (vide supra), and a unilateral lesion of the ITR was produced by microinjection of ibotenic acid. 13, 14 For this purpose, animals were placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA), and a burr hole was drilled unilaterally to allow access to rostral lateral pons. Three-barrel glass micropipettes (standard glass with filament, 1 mm x 0.25 mm, A-M System, Inc., Carlsborg, WA) with overall tip diameter 10 to 20 µm were used to pressure-inject L-glutamate (ICN Pharmaceuticals, Inc., Costa Mesa, Calif), the excitotoxin ibotenic acid (ICN Pharmaceuticals, Inc.,) or oil red dye (Sigma, St. Louis, MO) into the ITR. The micropipettes were held by a stereotaxic manipulator and fitted with Tygon tubing that was connected to an air-pressure injection apparatus (MMPI-2, ASI Inc., Eugene, Ore). The injected volume was determined (± 1 nL) by measur-ing the movement of the meniscus within a pipette using an eyepiece reticle in an operating microscope. Adequate plane of anesthesia was monitored according to absence of tail-pinch reflexes. In most cases supplemental anesthesia was not necessary during the protocol.
Since the ITR is a heterogeneous structure, we employed pressure microinjections (5 nL) of glutamate (10 mmol in phosphate buffer) to probe along dorsoventral tracks targeting ITR to find a site at which immediate apnea was evoked. 11 After that, 10 nL of ibotenic acid (50 mmol) was microinjected from a different barrel of the multibarrel micropipette to the same ITR apneic site to produce lesions. To mark the identified ITR apneic site for histologic analysis, red dye was microinjected from the third barrel of the micropipette to the same ITR site. After the surgery, rats received a subcutaneous injection of diazepam (Sigma; 3.12 mg per kg in propylene glycol) to prevent seizures and convulsions on recovery from anesthesia. 15 Following lesioning, rats were polygraphically recorded for 6 hours on days 2, 7, and 14, and their respiration was monitored as described above. They were sacrificed under anesthesia (vide supra) after recording on day 14, and the location of their ITR lesions was histologically verified. 11 In 3 of the 9 animals, serosanguinous fluid accumulated under the headsets following lesion induction, making the EEG and EMG electrodes technically inadequate for sleep staging 14 days after lesioning.
As in previous investigations, 1, 2, 8, 12, 16, 17 sleep apneas, defined as cessation of respiratory effort for at least 2.5 seconds, were scored for each recording session and were associated with the stage in which they occurred: non-rapid eye movement (NREM) or rapid eye movement (REM) sleep ( Figure 1 ). The apnea index, defined as the number of apneas per hour in a stage, was separately determined for NREM and REM sleep. The timing and volume of each breath were scored by automatic analysis (Experimenter's Workbench; Datawave Technologies, Wausau, WI). Sighs were identified by tidal volume more than 150% greater than the overall mean, and postsigh pauses greater than 2.5 seconds were excluded from all analyses presented below. For each animal, the mean respiratory rate and inspiratory minute ventilation were computed for wakefulness throughout the 6-hour control recording and used as a baseline to normalize respiration during sleep and following ITR lesioning.
The effects of sleep stage (NREM vs REM) and time (control, Day 2, Day 7, and Day 14 postlesion) on apnea indexes and respiratory pattern were tested using analysis of variance (ANOVA) with repeated measures. Multiple comparisons were controlled using Fisher's protected least-significance difference. In all cases, P < .05 was deemed significant. Figure 1 shows a polygraphic example of events surrounding a typical spontaneous apnea in NREM sleep in rats. Each peak on the respiration channel represents a single inspiration. The Figure also shows that apnea is a transient event, which reflects 2 to 3 "missed breaths." This corresponds to 10-to 15-second apneas in humans. Figure 2 shows the effect of ibotenic acid lesion of the ITR on NREM sleep apneas 2, 7, and 14 days following the lesion. The control recording presents a compact cluster of baseline apnea indexes in 9 animals. On day 2 after the lesion, 7 out of 9 rats showed a significant elevation of apnea expression, whereas on day 14 after the lesion, 4 out of 6 recorded animals had the highest level of apnea expression. Ibotenic acid lesion of the ITR produced no consistent impact on REM sleep apneas, with both intra-animal and inter-animal variability being greater than during NREM sleep ( Figure 3 ). Ibotenic acid lesion of the ITR had no impact on postsigh apneas either during NREM (P = .9) or REM sleep (P = .2) (data not shown). 
RESULTS
REM sleep, statistical significance was not achieved. Conversely, during NREM sleep, the apnea index was nearly doubled 2 days following lesion induction (P = .01) and remained at this level after 14 days (P = .02 vs control). Although there is a suggestion that apnea expression decreased toward baseline 7 days after lesioning, the results were highly variable at this time point. Consequently, we cannot determine with confidence the time course of apnea expression between 2 and 14 days after ITR lesioning. Figure 5 demonstrates that, during the postlesion period, wakefulness was decreased at 2 and 7 days (P =.02 and P =.01, respectively) but was equivalent to control on day 14 after the lesion. The decreased wakefulness was accounted for by an equivalent increase of NREM sleep during the first 7 days following lesion induction (P = .03 at day 7), with a return to the control level by day 14. There were no significant changes in the expression of REM sleep following ibotenic acid lesions of the ITR. Table 1 demonstrates that average respiratory-pattern parameters did not change from control at any time point following lesion of the ITR. Respiratory rate, normalized respiratory rate, and normalized minute ventilation remained equivalent to control values during each sleepwake state during each recording after lesion induction (P = .12 for each; Table 1 ). The expected reductions in respiratory rate and minute ventilation associated with sleep lost statistical significance 1 week after lesioning but were again statistically significant and equivalent to control after 14 days. Thus, the impact of ibotenic acid lesions on sleep apneas may be a specific effect rather than a result of gross alteration in respiratory drive. Table 2 shows that, following the unilateral ibotenic acid lesion, the average cell loss in the ITR was 66.4%, whereas the average cell loss in the motor trigeminal nucleus was 19.1%. Under microscopic inspection of the brain slices, it was evident that ibotenic acid lesion did not cause a significant cell loss in the principal sensory trigeminal nucleus. Figure 6 provides photomicrographic illustration of the localization of ibotenic acid lesion of the ITR resulting in increased sleep-related apnea.
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Figure 4-Group data (mean ± SEM) of apnea expression during rapid eye movement (REM) and non-rapid eye movement (NREM) sleep 2, 7 and 14 days following ibotenic acid lesion of the pontine intertrigeminal region. There was a trend toward increased apnea during REM sleep. Conversely, during NREM sleep, sleep apnea index was significantly elevated on day 2 and 14 following the lesion (P = .01 and P = .02, respectively). Figure 6 -Photomicrographic illustration on the unilateral ibotenic acid lesion of the pontine intertrigeminal region (on the left). Mo5 refers to motor trigeminal nucleus; Pr5, principal sensory nucleus. Figure 7 summarizes the anatomic localization of the unilateral ITR ibotenic acid lesions. The camera lucida tracing provides the overall orientation to the injection site. The injection sites (marked on the actual section using oil red dye) are small and well localized to the ITR.
DISCUSSION
The present study demonstrates that a small and well-localized unilateral lesion of the ITR in the lateral pons can increase the frequency of central apnea during NREM sleep in freely moving rats over a 2-week period (Figure 2 ). This finding is of interest because it points to a functional role for a pontine group of cells that have not, to date, been implicated in regulation of either sleep or sleep-related apnea. However, previous neuroanatomic studies of the ITR, by documenting a connection of the region to both the nucleus tractus solitarius and the ventral medulla, have established a potential neural substrate for this effect 9, 10 The present results are consistent with our previous finding that glutamatergic blockade of the ITR exacerbated vagal reflex apnea. 11 Thus, impairing the functional integrity of the ITR augmented reflex apnea in anesthetized rats and sleep-related spontaneous apnea in conscious rats. We cannot determine from the present data the precise mechanism by which unilateral ITR lesion increased NREM apnea genesis, but our earlier findings 11 support the hypothesis that glutamatergic neurotransmission in the ITR may be important.
It is unlikely that increased sleep-related apneas resulted indirectly from nonspecific alterations in either respiratory drive or sleep architecture. Both respiratory pattern (Table 1 ) and sleep-wake architecture ( Figure 5 ) were equivalent to control recordings 14 days after ITR lesioning, yet apnea frequency was maximal at this same time point (achieving statistical significance only during NREM sleep; Figure 4 ). It appears from these findings that the ITR exerts a specific role in dampening respiratory perturbations rather than impacting overall respiratory drive. These observations are in accordance with our previously reported data on the role of ITR in attenuation of reflex apneas. Taken together, our studies suggest that both reflex and sleep apneas share some common central pathways. The present findings are also in agreement with the general modulatory role of pontine structures in autonomic activities, including respiration, heart rate, and regulation of blood pressure.
We were not able to correlate either the size or location of the induced lesions with the degree of increase in NREM apnea index over the group of animals. Figure 7 illustrates that most of the lesions were centered in the ventral pole of the ITR and approximately 9.8 mm posterior to Bregma. All lesions were characterized by extensive neuronal cell loss being only in the ITR (66.4%), with the average cell loss in the motor trigeminal nucleus being 19.1% (Table 2 ) and insignificant cell loss in the principal sensory trigeminal nucleus (data not shown). Therefore, it is unlikely that cell loss in the motor or principal sensory trigeminal nuclei contributed significantly to the changes in apnea expression observed following ITR lesion. Little is known about the neurochemistry of the ITR, but the regions corresponding to our lesions receive afferents from the nucleus tractus solitarius and send projections to the cardiorespiratory areas of the ventrolateral medulla. 9, 10 Earlier studies in anesthetized immobilized cats reported changes in respiration, including apneusis, following electrolytic lesions of the n. parabrachialis medialis. 18 Lesions that produced apneustic breathing were localized to the region ventral to the middle third of brachium conjuctivum. In chronic experiments in unanesthetized cats, Lydic and Orem 19 recorded respiratory-related units in the parabrachial nuclei during sleep and wakefulness and reported the greatest reduction of unit activity during REM sleep. Although these and numerous more recent studies (see the review 20 ) provide information on the respiratory activity and function of the neighboring pontine parabrachial areas, none of them addressed the pontine role of the ITR in respiration.
In accordance with the present study, we 1, 2, 4, 8, 12, 16, 17 and others 3, 5, 21, 22 have demonstrated that various strains of rat exhibit 2 to 10 central apneas per hour of NREM sleep and 10 to 20 central apneas per hour of REM sleep. However, the connection between spontaneous central apnea in rats and human clinical disorders may be questioned. It is possible that the mechanisms underlying obstructive sleep apnea syndrome in man and sleep-related central apnea in rats may be very different. However, in our view, both central and obstructive apnea reflect, at least in part, dysregulation of central neural motor output patterning to the respiratory system. In humans with upper airways predisposed to collapse by anatomical, mechanical, or muscular factors, this dysregulation may be manifested primarily by obstructive apneas. In humans or rats with mechanically stable upper airways, dysregulation of respiratory motor output patterning may be expressed primarily by central apneas or hypopneas. Viewed in this way, interventions that stabilize respiratory drive during sleep may have the potential to reduce or eliminate apnea. Indeed, inspired carbon dioxide, used to elevate respiratory drive, reduced the expression of both central 23, 25 and obstructive 23, 26 apnea in man as well as central apnea in rats. 2 Most recently, we have demonstrated that systemic administration of the serotonin antagonist mirtazapine reduced the respiratory disturbance index by 50% in 12 patients with obstructive sleep apnea syndrome, 27 an effect that was precisely predicted by the animal model system. 12 Thus, investigating the mechanisms of unstable respiratory patterning in sleeping animals may be expected to yield relevant insights for the pathogenesis of obstructive sleep apnea in patients.
In summary, this study demonstrates that unilateral excitotoxic lesioning of the pontine ITR increases the frequency of spontaneous central sleep apneas in freely behaving rats without alteration in average respiratory rate, minute ventilation, or sleep architecture. Thus, our findings suggest that the ITR may function specifically to dampen respiratory perturbations and that bilateral integrity of this structure is important. We may also speculate that the ITR functions to maintain stable breathing during sleep in man. 
